The binary strontium germanide SrGe 6 was synthesized at high-pressure high-temperature conditions of approximately 10 GPa and typically 1400 K before quenching to ambient conditions. At ambient pressure, SrGe 6 decomposes in a monotropic fashion at T = 680(10) K into SrGe 2 and Ge, indicating its metastable character. Single-crystal X-ray diffraction data indicate that the compound SrGe 6 adopts a new monoclinic structure type comprising a unique three-dimensional framework of germanium atoms with unusual cages hosting the strontium cations. Quantum chemical analysis of the chemical bonding shows that the framework consists of three-and four-bonded germanium atoms yielding the precise electron count Sr[(4bGe 0 ] 4 [(3b)Ge − ] 2 in accordance with the 8 − N rule and the Zintl concept. Conflicting with that, a pseudo-gap in the electronic density of states appears clearly below the Fermi level, and elaborate bonding analysis reveals additional Sr-Ge interactions in the concave coordination polyhedron of the strontium atoms.
Introduction
A number of tetrel-rich atomic arrangements comprise anionic frameworks formed by p-block elements. Siliconrich compounds MSi 6 (M = Ca, Sr, Ba, Eu) [1] [2] [3] [4] [5] are characterized by four-bonded network atoms implying an excess of electrons with respect to the 8-N rule and the Zintl-Klemm concept. This surplus may be described by the charge balance M 2+ [(4b)Si 6 0 ] × 2e − . Although compositions with a significantly reduced excess of electrons may be realized by chemical substitution [6] or vacancy formation [7] [8] [9] , e.g. in the modulated silicide CeSi 1.82 [10] , the development of defects is more typical for polyanions of germanium or tin. In these compounds, the electron excess of the framework is reduced (or even completely compensated) by the formation of defects, which are surrounded by atoms bearing free electron pairs [7] [8] [9] . The vacancies are often randomly distributed [7] , but a few commensurate superstructures have been reported, e.g. for Ba 8 Ge 43 □ 3 [8] and M 8 Sn 44 □ 2 (M = Rb, Cs [9] ). Similarly, in samples SrGe 6−x with x ≈ 0.5 [7] , the EuGa 2 Ge 4 -type crystal structure [11, 12] exhibits a significant number of vacancies in the network. In a first study, the arrangement of these voids has been described by a disorder model involving one randomly half-occupied germanium position [7] . Later, an independent investigation evidenced satellite reflections for composition x ≈ 0.45 [13] , which unveil incommensurate modulation of the vacancy pattern.
In the present concerted experimental and theoretical study, we report on the high-pressure, high-temperature synthesis and the crystal structure of SrGe 6 and the solid solution Sr(Ge 1−x Si x ) 6 (x = 0.41). The bonding properties of the binary compound are analyzed by quantum-chemical methods operating in positional space.
Experimental
Preparation and sample handling except the high-pressure, high-temperature synthesis was performed in argonfilled glove boxes (MBraun, H 2 O < 0.1 ppm; O 2 < 0.1 ppm) in order to avoid contamination of the product. SrGe 2 was prepared as a precursor by arc-melting of strontiumgermanium mixtures with an atomic ratio of 1:2.
For the high-pressure synthesis of SrGe 6 , SrGe 2 was mixed with germanium to yield a final ratio Sr:Ge of 1:6. For the quasi-binary phase Sr(Ge 1−x Si x ) 6 , a mixture of composition Sr:Ge:Si = 1:3:3 was prepared. The feed materials were placed in crucibles machined from hexagonal boron nitride. High-pressure, high-temperature experiments were performed in an octrahedral multianvil press with MgO octrahedra of 14 mm edge length [14] . High temperatures were realized by resistive heating of graphite tubes. Pressure and temperature calibration had been performed prior to the experiments by in situ monitoring of the resistance changes of bismuth [15] , and by performing calibration heating runs with a thermocouple, respectively. Samples were subjected to pressures of typically 8(1)-10(1) GPa and 1100(100)-1600(150) K applying annealing times between 30 min and 5 h.
Phase identification was realized by powder X-ray diffraction experiments (Huber image plate Guinier camera G670) employing CuKα 1 radiation, λ = 1.54056 Å. Single crystal X-ray diffraction data was measured with a Rigaku AFC7 diffractometer operated with MoKα radiation (λ = 0.71073 Å) and a Mercury CCD detector. For crystal structure refinement and crystallographic calculations, the program package WinCSD [16] was used.
Differential Scanning Calorimetry (DSC) experiments were performed with closed alumina crucibles in argon atmosphere (Netzsch DSC 404c) at temperatures between 473 and 1223 K. For the observed effects, onset temperatures are given in the text and in the figures.
Quantum chemical calculations
Electronic structure calculations and bonding analysis were carried out with the TB-LMTO-ASA [17] program package using the experimentally determined lattice parameters and atomic coordinates (Tables 1 and 2). The Barth-Hedin exchange potential [18] was employed and the radial scalar-relativistic Dirac equation was solved to get the partial waves. Although the calculation within the atomic sphere approximation (ASA) already includes corrections for the neglect of interstitial regions and partial waves of higher order [19] , the addition of empty spheres was necessary. The following radii of the atomic spheres were applied: r(Sr1) = 1.939 Å, r(Sr2) = 2.270 Å, r(Ge1) = 1.415
For the self-consistent calculation, a basis set containing Sr(5s,4d) and Ge(4s,4p) orbitals was selected with Sr(5p,4f) and Ge(4d) functions being downfolded. The electronic DOS was calculated using the mesh of 4 × 12 × 4 k-points.
Analysis of the chemical bonding in positional space was performed by means of the electron localizability indicator (ELI) calculated in its ELI-D representation [20, 21] together with the electron density with a dedicated module implemented within the TB-LMTO-ASA program package. The topology of the 3D distributions of ELI-D and electron density (ED) was analyzed with the program 
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DGrid [22] . Electron density and ELI-D were integrated within space regions bounded by zero-flux surfaces in the according gradient field, so-called basins, in order to obtain atomic charges (ED) and bond populations for lone-pair and bond basins (ELI-D). The latter technique follows the procedure proposed in the quantum theory of atoms in molecules (QTAIM [23] ). Combined analysis of electron density and ELI-D reveals basic information for the description of the bonding situation [24, 25] , in particular for intermetallic compounds [26, 27] .
Results and discussion
After high-pressure, high-temperature synthesis of the phases Sr(Ge 1−x Si x ) 6 and SrGe 6 , single crystalline specimens suitable for X-ray diffraction were manually isolated from crude ingots, which had been subjected to 10 GPa and 1300 K for 30 min. The thermal stability of binary SrGe 6 at ambient pressure is characterized by differential scanning calorimetry of a sample prepared by grinding the bulk material ( Fig. 1 ). The onset of an effect at T = 953 K upon heating signalizes an exothermal decomposition of the compound. X-ray powder diffraction data of such a transformed sample ( Fig. 2 ) revealed disintegration of SrGe 6 into SrGe 2 (modification oP24) and Ge (cF8). As these phases are stable at ambient pressure according to the phase diagram, SrGe 6 is a quenchable high-pressure phase, which is metastable at ambient pressure. The irregular shaped single crystals for X-ray singlecrystals diffraction experiments exhibits monoclinic symmetry with reflection extinctions compatible with space group P2 1 /m ( Table 1) . Structure solution was performed with charge-flip techniques as implemented in the program package WinCSD. The resulting models for SrGe 6 with anisotropic description of the displacement parameters converged to R F = 0.076 (Tables 1-3 (x = 0.41) we obtained R F = 0.049 (Tables 1 and 4 -5) . The results obtained by the crystal structure refinement have revealed that the phases comprise three-dimensional tetrel frameworks embedding the strontium atoms ( Fig. 3) . For SrGe 6 , the Ge-Ge next-neighbor distances fall into the relatively narrow range between 2.409(4) and 2.542(4) Å in comparison to Ge-Ge distances of 2.45 Å in elemental germanium and 2.45-2.55 Å for Ba 8 Ge 43 [8, 28] and transition-metal containing Ba-Ge clathrates [29, 30] . Counting these distances as single bonds, the interpretation within the Zintl concept and the 8-N rule leads to an electronprecise balance of (Sr 2+ )[(4b)Ge 0 ] 4 [(3b)Ge −1 )] 2 .
However, the calculated electronic density of states of SrGe 6 reveals rather unexpectedly that the Fermi level is located above the pronounced pseudo-gap ( Fig. 4 ). In addition, the unusual coordination of the strontium atoms (in particular Sr1) indicates atomic interactions, which significantly deviate from those observed in other germanium-and silicon-rich compounds of alkaline earth (7) 0.45 (6) For all atoms, B 12 = B 23 = 0. metals. Thus, the organization of the (covalent) atomic interactions is studied in detail by means of bonding indicators in position space. Analysis of the electron density using the QTAIM approach [23] is performed by integration of the electron density within basins. From the resulting values, the respective atomic number is subtracted for yielding effective charges. Although the strontium atoms have markedly different coordination spheres (a more convex polyhedron of 10 Ge for Sr2 and 15 Ge ligands in concave coordination for Sr1), the results reveal that the strontium atoms have shapes, which are close to spherical symmetry and indicate ionic character (Fig. 5 ). Despite the different coordination, both strontium atoms have practically equal effective QTAIM charges of +1.23 and +1.26 for Sr1 and Sr2, respectively. These values are in good agreement with values between 1.20 and 1.54 obtained for other intermetallic compounds of strontium [11, [31] [32] [33] . The shapes of the germanium atoms have polyhedral character with flat contact faces between neighboring atoms, which is characteristic for non-polar covalent bonding.
The calculated charge transfers from the strontium to the germanium atoms ( Fig. 5) are quite small or even close to zero (from −0.35 to +0.09), which is attributed to the small Sr:Ge ratio in the compound. The extremely small charge of Ge5 correlates with its special environment as only germanium atoms are located in its coordination sphere; the shortest distance Ge5-Sr1 amounts to 4.107(6) Å and is, thus, well outside the range of 3.17-3.62 Å for the other Ge atoms. The rather unexpected charges for (3b) Ge1 and (3b)Ge9 do not correlate with their homo-atomic coordination, as the charges for the other three-bonded atoms Ge8 and Ge11 are negative. The first coordination sphere of the atoms Ge2-Ge7, Ge10 and Ge12 consist of germanium atoms only; the other four (Ge1, Ge8, Ge9 and Ge11) have three germanium and one strontium neighbors each.
In order to understand the role of the three-and four-bonded germanium atoms in the Sr-Ge interactions, further analysis of chemical bonding in SrGe 6 was performed by applying the electron localizability indicator (ELI) approach (Fig. 6) . The ELI-D distribution in the penultimate shell of the strontium atoms shows deviations from spherical symmetry (structuring [24] ). The ELI-D structuring in the penultimate shell is a fingerprint of the participation of these electrons in interactions within the valence region [24, 34] . Quantitative characterization of this trend using the so-called structuring index ε (the difference between the maximal ELI-D value in the shell and the value at which the isosurface of the shell closes [24] ) reveals a difference between Sr1 (ε = 0.06) and Sr2 (ε = 0.02). These values are smaller than those recently found for BaSi 3 (ε = 0.04-0.07) [35] , characterizing the reduced need for the inner electrons for the bonding in SrGe 6 in comparison to the Ba-Si interactions in BaSi 3 with smaller tetrel ratio. This trend is in agreement with that recently observed for binary yttrium gallium compounds, in which ε changes from 0.024 via 0.030 to 0.064-0.079 for YGa 6 , YGa and t-Y 5 Ga 3 , respectively [36] .
In the valence region, only two different kinds of ELI-D maxima are observed. The attractors of the first type are located close to the Ge-Ge contacts, revealing covalent homoatomic bonding. The shift of the maxima positions from the Ge-Ge lines toward the neighboring Sr atoms indicates additional polar interactions between the Ge framework and the strontium atoms ( Fig. 6 , left, top and bottom). The integration of the electron density within the bonding basins yields populations for the Ge-Ge bonds between 1.85 and 2.25 electrons, which corresponds in good approximation to two-center two-electron covalent bonds. The attractors of the second type are located on the 'outer' side of the three-bonded Ge atoms (Ge1, Ge8, Ge9 and Ge11) and visualize another type of interaction. Their basin populations show larger values (2.06-2.52 electrons) as often observed for this type of attractor. In a Sr-free framework, the basins defined by zero-flux surfaces in the gradient field of ELI-D would have contact with the core basins of the germanium atoms, i.e. they reflect the presence of a lone pair. In SrGe 6 , these 'lone-pairs' indicate a polar (multi-atomic) bonding between the anionic and cationic parts of the crystal structure.
While in the coordination sphere of Sr2 only homoatomic (4b)Ge-(4b)Ge bonds are present, all three-bonded germanium atoms contribute with their 'lone-pairs' to the coordination sphere of Sr1. The interaction between Ge1 and Sr1 is even dominantly two-atomic. Such a feature has not been observed earlier in intermetallic (anionic) cage compounds. The 'lone pairs' of Ge8, Ge9 and Ge11 reflect multi-atomic bonding which stabilizes the 'neck' in the framework. This feature distinguishes SrGe 6 from typical cage compounds like type-I clathrates of barium, in which the 'necks' between the cavities are stabilized by direct bonds between the framework atoms [30, 37] .
In general, the results of the topological analysis of electron density and electron localizability indicator in SrGe 6 are in agreement with the Zintl-like bonding picture ( Fig. 6, right, bottom) . The ELI-D distribution reveals characteristic topological features for three-and four-bonded germanium atoms. The convex character of the coordination polyhedron for Sr2 is a consequence of the covalent Ge-Ge bonds on the surface of the polyhedron. The cation coordination is similar to that of other germanium-and silicon-rich compounds of the alkaline earth metals (MSi 6 [1] [2] [3] , SrGe 6−x [13] , and the clathrates of Ba and Sr with Si or Ge [8, 28] ). The partially concave shape of the coordination polyhedron of Sr1 is due to the lone pairs located at the three-bonded germanium atoms.
Despite the electron-precise charge balance, the Fermi level is positioned slightly above the pseudo-gap in the electronic density of states (DOS), where it would be expected for a Zintl-like bonding picture (Fig. 4) . Such a distribution of the DOS is characteristic for compounds with so-called excess electrons, i.e. electrons, which are not necessary for the formation of two-center two-electron bonds within the Zintl anion. In order to clarify in which part of the crystal structure of SrGe 6 these electrons contribute to the atomic interactions, the partial ELI-D (pELI-D) approach was employed. The pELI-D was calculated for states being located between the drop (-0.23 eV) and the Fermi level [24] (Fig. 6, right, top) . The results provide evidence that the excess electrons contribute to interactions between the filler cation and the framework. Similar situations have been observed for MgSi 5 [38] or the new clathrate Sr 8 Si 46 [39] . In SrGe 6 , the excess electrons are participating in the bonding around Sr1 with the largest contribution to the two-atomic Sr-Ge1 bond as already detected by the analysis of ELD-D (see above). Smaller contributions are observed for the coordination sphere of Sr2. The pEDI-D distribution here is similar to the picture found recently for Sr 8 Si 46 . Because only the last feature reflects an additional attractive interaction in the crystal structure, one may assume that a defect of strontium in the crystal structure would lower the Fermi level towards the middle of the dip.
Summary
The new high-pressure phase SrGe 6 comprises a framework which is built from three-and four-bonded germanium atoms. Thus, the resulting electron count is in accordance with the 8-N rule, (Sr 2+ )[(4b)Ge 0 ] 4 [(3b)Ge −1 )] 2 , whereas earlier studied hexasilicides MSi 6 (M = Ca, Sr, Ba; Eu) are typical electron-excess compounds with covalent networks of four-bonded silicon atoms and a surplus of two electrons, (M 2+ [(4b)Si 0 ] 6 × 2e − ) [1] [2] [3] [4] [5] . Although the electron balance of SrGe 6 (and Sr(Ge 1−x Si x ) 6 ; x = 0.41) would be compatible with the Zintl concept, the calculated electronic structure of SrGe 6 indicates a more complex bonding situation than that of typical semiconducting or insulating compounds. The Fermi level of SrGe 6 is located above a weakly developed pseudo-gap and the Zintl-like organization of electron transfer and framework bonds is supplemented by additional Sr-Ge interactions in the concave coordination polyhedra of strontium atoms.
